Objectives-To assess the effect of hyperventilation and mental stress on coronary blood flow and symptom production in patients with syndrome X. Design-A prospective study. Hyperventilation and mental stress tests were performed on the ward and were repeated in the cardiac catheter laboratory where coronary blood flow velocity was also measured with an intracoronary Doppler catheter in the left anterior descending coronary artery. Oesophageal manometry studies were also performed. Patients-29 patients with syndrome X
ventilation and mental stress tests were performed on the ward and were repeated in the cardiac catheter laboratory where coronary blood flow velocity was also measured with an intracoronary Doppler catheter in the left anterior descending coronary artery. Oesophageal manometry studies were also performed. Patients-29 patients with syndrome X (typical anginal chest pain, a positive exercise test, and normal coronary angiogram). Setting-A regional cardiothoracic centre. Results-Hyperventilation produced typical chest pain in 16 patients on the ward. 13 patients experienced their typical chest pain with mental stress test 5. Ten patients experienced chest pain with both hyperventilation and mental stress tests. This pattern was reproduced exactly when the tests were repeated in the cardiac catheter laboratory. Hyperventilation produced a significant increase in the rate-pressure product during ward and laboratory testing. There was, however, no significant change in the ratepressure product on mental stress tests. The mean (SEM) coronary flow velocity decreased significantly on hyperventilation in the catheter laboratory from (0-92) cm/s to 59 (0.72) cm/s (p<0-001).
There was also a significant reduction in the mean (SEM) coronary blood flow velocity on mental stress tests from (0.86) cm/s to 7-4 (0.6) cm/s (p<0-001).
This reduction in flow velocity occurred in the absence of any changes in diameter of the left anterior descending artery. Further analysis showed that the coronary flow velocity was reduced significantly in only that group of patients in which hyperventilation and mental stress provoked chest pain. There was a significant increase in the arterial concentrations of noradrenaline on both hyperventilation and mental stress testing. Oesophageal manometry showed abnormalities in 17% of patients.
Conclusions-Both hyperventilation and mental stress can produce chest pain in patients with syndrome X and this is associated with a reduction in coronary blood flow velocity. The results of this study suggest that this reduction in coronary flow occurs as a result of increased microvascular resistance. (Br HeartrJ 1993; 69:516-524) In more than 10% of patients undergoing coronary angiography for the investigation of chest pain the coronary angiogram is normal.1 2 These patients have chest pain and abnormal changes on the exercise electrocardiogram and are said to have "angina pectoris with normal coronary angiograms" or "syndrome X". The term syndrome X was first used by Kemp in his editorial comment on a paper by Arbogast and Bourassa in which he noted the heterogeneity of patients included in studies of patients with chest pain and normal coronary angiograms and the uncertainty of the aetiology of chest pain in these patients. 3 Subsequently, the term became a label for patients with typical angina and normal coronary angiograms although investigators have often used different definitive criteria.
The mechanism of chest pain in patients with syndrome X is not clear. Many explanations have been put forward to explain this syndrome but as more information has become available the syndrome has become more confusing. It has been suggested that some patients with syndrome X may evolve towards dilated cardiomyopathy suggesting that in a subset of patients a cardiomyopathic process may play a pathogenic part. 45 Metabolic abnormalities as an index of myocardial ischaemia have been reported in patients with syndrome X.67 Misinterpretation of the coronary angiograms,5 oxyhaemoglobin dissociation defects,9 psychosomatic factors,10 an increased pain perception,'1 oestrogen deficiency,'2 and abnormalities of the potassium pump'3 have all been suggested as possible explanations for syndrome X. An abnormal coronary flow reserve has also been shown in syndrome X by different methods and by several investigators. This has been abnormality in syndrome X might be an increased tone of the prearteriolar coronary vessels interposed between the conductance arteries and the arterioles and this may account for the reduced coronary vasodilatory capacity of the microcirculation. '9 20 It has now become clear that syndrome X is a heterogeneous entity and therefore it is unlikely that a unique pathophysiological mechanism is responsible for its clinical presentation and prognosis. Kemp had postulated in his original editorial that mechanisms may be different in different patients encompassing several pathophysiological disease entities and this view has now become widely accepted. 3 Hyperventilation, anxiety, and stress can also produce chest pain in patients with syndrome X.2' The mechanism by which these factors can produce chest pain and electrocardiographic changes is not clear. A diffuse abnormal epicardial coronary artery constrictor response to hyperventilation and other constrictor stimuli has been suggested. 22 We investigated the hypothesis that hyperventilation and mental stress can produce chest pain in patients with syndrome X by affecting coronary blood flow.
Patients and methods

PATIENTS
We studied the effect of hyperventilation and mental stress in a group of 29 patients with syndrome X. All patients gave a history of chest pain typical of angina pectoris. There was no evidence of cardiovascular disease on physical examination. The exercise electrocardiogram was positive in every patient. The Bruce protocol was used for the exercise test and the test was said to be positive if there was at least 1 mm of horizontal or downward sloping ST segment depression at 80 ms after the J point. The left ventricle and the coronary arteries were completely normal on angiography and this was confirmed by two independent observers. Patients with hypertension, diabetes mellitus, and valvar heart disease or left ventricular hypertrophy were excluded from the study. All patients had continued to have chest pain despite reassurances after their initial cardiac catheterisation and were taking antianginal medications. The study was approved by the Huntingdon District Health Authority Ethics Committee as part of a coronary flow study and all patients gave written informed consent before the study.
ECHOCARDIOGRAPHY
The left ventricular posterior wall and septal thickness of all patients was assessed by cross sectional and M mode echocardiography. Patients with a diastolic septal or posterior wall thickness of more than 11 mm were excluded from the study to minimise any effect of left ventricular hypertrophy on coronary blood flow measurements.
BLOOD ANALYSIS
Patients' blood was analysed for full blood count, serum urea and electrolytes, and fasting lipids on the morning of their cardiac catheter study. Two independent observers make the measurements so that inter and intra observer variation could also be calculated.
CATECHOLAMINE MEASUREMENTS
Blood samples were taken from the aortic root before and after the hyperventilation and mental stress tests. Adrenaline and noradrenaline concentrations were measured by high performance liquid chromatography.25 ARTERIAL BLOOD GAS MEASUREMENTS Samples were taken from the aortic root for pH and Pco2 before and after the hyperventilation test.
OESOPHAGEAL FUNCTION TESTS
All cardiac medications had been discontinued at least 24 hours before the study. Most of the oesophageal function studies were performed in the morning before cardiac catheterisation. After an overnight fast, lignocaine topical anaesthetic was sprayed into the nasopharynx. A multisensor catheter (diameter 3-5 mm) was passed into the oesophagus. This was connected to a GR 800 analysing station and signals were displayed on a screen and stored in the computer for analysis. Peristaltic activity was assessed with five wet and dry swallows, each separated by a 30s interval. Patients were asked to report any chest pain and to distinguish whether the pain was typical or atypical of their usual pain. After the baseline study, edrophonium hydrochloride (80 jug/kg) was given intravenously followed immediately by five wet swallows. Manometric responses were recorded for later analysis.
CRITERIA FOR ABNORMAL OESOPHAGEAL FUNCTION
Studies were performed and interpreted by an independent investigator. The criteria for a diagnosis of oesophageal dysfunction were:
(a) Achalasia: aperistalsis of the oesophageal body with incomplete lower oesophageal sphincter relaxation and increased lower oesophageal sphincter pressure > 26 mm Hg.
(b) Nutcracker oesophagus: mean peristaltic amplitude measured with the catheter lumen 3 to 8 cm above the lower oesophageal sphincter) ) 180 mm Hg averaged over five wet swallows.
(c) Diffuse oesophageal spasm: repetitive, spontaneous, non-peristaltic contractions in at least 30% of contractions, with otherwise normal peristalsis.
(d) Non-specific motility disorder: prolonged duration of oesophageal contraction 7 or isolated repetitive contractions after wet swallows.
STATISTICAL ANALYSIS
The Wilcoxon signed rank test for paired data was used for statistical evaluation. Differences were considered to be significant at the p<0 05 level. All data are presented as mean value (SEM). Table 1 shows relevant information about patients. There were 1 1 men and 18 women. The mean age was 53 (range 23-67) years. The mean exercise test duration was eight minutes and 20 seconds (range four minutes and 40 seconds to 12 minutes). All patients were receiving anti anginal medications. Ten patients were taking /3 blockers, 15 calcium antagonists, and 12 oral nitrates. Twelve patients were also taking oral aspirin. Hb (g/dl) There was a significant increase in the arterial concentrations of noradrenaline after hyperventilation and mental stress tests (table 3) . There was no significant change in the arterial adrenaline concentrations after these tests when the results were analysed for the entire group. Analysis of the results by comparing patients who experienced chest pain with those who did not showed that the noradrenaline concentrations were increased by hyperventilation and mental stress tests in both subgroups (tables 4 and 5). There was a significant increase in adrenaline concentrations only in that subgroup of patients who experienced chest pain with hyperventilation (table 4) .
Results
13-2 (0 4) PCV (I1/) 0-41 (0-01) Urea (mmol/l) 7-12 (0 64) Glucose (mmol/l) 5-6 (0 2) Creatinine (umol/l) 119 (7 7) Cholesterol (mmol/l) 6-4 (0-2) HDL (mmol/l) 0-98 (0 06) LDL (mmol/l) 4-31 (0 2) Trilycerides (mmol/l) 1
DIAMETER OF LEFT ANTERIOR DESCENDING ARTERY
Quantitative measurements did not show a significant difference in the diameter of the left anterior descending artery before and after the tests (table 6 ). There was minimal interobserver (r = 0 90) and intraobserver variation (r = 0 91). coronary flow velocity has been described in detail elsewhere.26 Our study has shown that both hyperventilation and mental stress can produce chest pain in patients with syndrome X and this is associated with a significant reduction in coronary blood flow velocity in the absence of any significant changes in the diameter of the left anterior descending coronary artery. Hyperventilation is defined by a minute volume higher than that required for the rate of CO2 production. Neil and Hattenhauer have shown that hyperventilation affects myocardial oxygen supply in humans by a combination of an increase in the oxygen affinity of the blood due to the Bohr effect, and coronary vasoconstriction that decreases coronary blood flow.27 Ardissino 43 There is also evidence that inappropriate constriction of small diameter distal vessels, rather than the proximal large diameter coronary arteries can cause myocardial ischaemia.44 45 Increased constriction of coronary microvasculature causing a reduction in coronary blood flow in syndrome X was first proposed by Kaski et al. 46 In their study of 19 patients with syndrome X they showed that myocardial ischaemia often develops during daily life in these patients and that silent ischaemia is an important component of this syndrome. Half of the episodes of ST depression found in their study occurred at a heart rate well below that at the onset of ischaemia during exercise testing. Their findings suggested that an increased oxygen demand in the presence of an impaired coronary flow reserve was not the only cause of myocardial ischaemia in patients with syndrome X and dynamic mechanisms may reduce coronary blood flow transiently as a result of increased constriction of the microvasculature.
The significant reduction in coronary blood flow velocity on hyperventilation and mental stress tests in our study was not associated with a significant change in the diameter of the left anterior descending coronary artery. This excludes epicardial coronary artery spasm and suggests that the reduction in coronary blood flow velocity may have occurred as a result of an increase in microvascular resistance and hence a reduction in coronary blood flow and chest pain. This further supports the mechanism proposed by Kaski et al. 46 A mechanism by which mental stress or hyperventilation could cause an increase in microvascular resistance is suggested by the changes in catecholamine concentrations found in our study. There was a significant increase in the arterial noradrenaline concentrations with both hyperventilation and mental stress. Adrenaline concentrations were also increased significantly in patients who experienced chest pain on hyperventilation. The increased catecholamine concentrations may have caused an increase in microvascular resistance leading to a reduction in coronary blood flow. Alternatively, or in addition, a local release of other vasoconstrictor substances is also a possibility. Vasoconstrictor substances such as neuropeptide Y and endothelins have recently been identified that can cause myocardial ischaemia at low doses in the normal coronary circulation by reducing coronary blood flow.47 48 These substances produce ischaemia predominantly by small vessel coronary constriction. No significant change in diameter of epicardial coronary arteries was found during maximal reduction of flow in these studies. This provides evidence that distal coronary vessels have the potential to constrict to such an extent as to completely overpower metabolic autoregulation.
We did not perform coronary flow reserve studies in our patients and constrictor responses to ergonovine were also not studied. It has been shown previously, in a subset of patients with syndrome X, that dipyridamole administration resulted in a higher minimum coronary resistance in those patients who had a positive microvascular constrictor response to ergonovine than in those patients without.'949 These studies suggest that there may be heightened sensitivity of the coronary microcirculation to vasoconstrictor stimuli associated with an impaired microvascular vasodilator capacity in syndrome X, in a manner similar to the racial differences found in responsiveness to recognised vasoconstrictive influences.50 Motz et al have recently shown endothelial dysfunction in coronary resistance vessels in patients with syndrome X.17 It has also been shown that endothelial dysfunction leads to increased coronary constriction to catecholamines in patients with early atherosclerosis.5' Similar mechanisms may also be contributory in some patients with syndrome X.
An increased sympathetic drive in syndrome X has been suggested on the basis of an increased mean heart rate during 24 changes. This would be in keeping with the common finding that even complete occlusion of the coronary artery with a balloon during percutaneous angioplasty may not produce any electrocardiographic changes until well after one minute, although the patients complain of angina. Rozanski et al who have shown a causal association between acute mental stress and myocardial ischaemia in patients with coronary artery disease have also emphasised the importance of using a sensitive tool to detect ischaemia. '6 In their study, radionuclide ventriculography was much more sensitive than electrocardiography in detecting ischaemia induced by mental stress.
The results of the oesophageal manometry study showed oesophageal dysfunction in five (17%) of the 29 patients, which is comparable with some of the recent studies.6061 It is known that pain of an oesophageal origin may be indistinguishable from cardiac pain.62 It is interesting that all the patients with evidence of oesophageal dysfunction did not experience chest pain with hyperventilation or mental stress. This underlines the heterogeneity of patients with syndrome X in whom several pathophysiological mechanisms may be operative in causing their chest pain.
One limitation of our study is the lack of a control group; the patients acted as their own controls. It is not possible to conduct such a study with the invasive technique of Doppler velocity measurements in normal subjects due to ethical considerations. Previously it has been shown in a study with six normal subjects that voluntary hyperventilation caused a decrease in mean coronary sinus oxygen content associated with a decrease in coronary flow.63 In this study coronary blood flow was assessed by a nitrous oxide method. The effect of hyperventilation on coronary blood flow was variable. Data were incomplete in one patient, and one had atrial fibrillation. It may be that coronary blood flow can be affected in normal subjects by hyperventilation and mental stress. These changes, however, may be greater in patients with syndrome X due to the heightened sensitivity of their coronary microcirculation to vasoconstrictor stimuli or the changes may be pronounced enough to cause ischaemia in the presence of a reduced coronary reserve.
Some patients in our study were also taking P blockers and a 48 hour wash out period may not have been sufficient to clear the drug from the body. It is unlikely, however, that the concentrations of the drugs would have changed significantly during the course of the study. In conclusion our study has shown that both hyperventilation and mental stress can produce chest pain in patients with syndrome X associated with a reduction in coronary blood flow. The results of our study suggest that the reduction in coronary flow occurs because of an increase in microvascular resistance.
We thank staff of the x ray and cardiac technical departments at Papworth Hospital for their support. A C is a British Heart Foundation junior research fellow. and 1987, the number of cardiac deaths from congenital heart disease has doubled whereas the number of deaths from acquired heart disease has halved. Of the 10 patients who died of congenital heart disease, three had endocarditis (not contracted in labour) which was a major feature of their terminal illness and the remainder had pulmonary hypertension, either Eisenmengers' syndrome (four cases) or "primary" pulmonary hypertension (three cases). In the patients with acquired heart disease nine died from coronary artery disease, two had endocarditis, one had "myocarditis", and the other had cardiomyopathy (probably puerperal).
What lessons can be learned from these figures? The patients who died from coronary artery disease were often older, smokers, and might have died whether or not they were pregnant. As contributing factors to cardiac mortality the authors of the series of confidential enquiries cited the failure of patients to comply with doctors' advice, the failure of patients to be seen regularly in joint consultation between physicians and obstetricians and the general failure of cooperation between obstetricians, cardiologists, and anaesthetists. We should not become complacent and lose sight of these problems.
But pulmonary hypertension remains the major maternal risk. Even if the patients are treated with full cooperation between experts, we do not know how best to manage pulmonary hypertension in pregnancy apart from advising patients not to become pregnant or urging termination. On the other hand, unless patients with pulmonary hypertension are seen in specialist clinics there will be no advances in management. The ability to induce selective pulmonary artery vasodilatation would be particularly valuable in pregnancy.
Physicians need to be particularly vigilant about endocarditis in pregnancy. Perhaps the immunosuppression that allows survival of the fetal homograft and increases the risk of viral illness also increases susceptibility to endocarditis.
Finally, there is insufficient awareness of the condition of puerperal cardiomyopathy among non-cardiologists (obstetricians and general practitioners) treating women in pregnancy. Any patient presenting with breathlessness at the end of pregnancy must be adequately evaluated. The chest x-ray is the screening investigation that is usually omitted because of groundless fears of the radiation hazard to the fetus. Most 
